]carnitine transport in L. monocytogenes is significantly inhibited by a 10-fold excess of unlabelled L-carnitine, acetylcarnitine, and -butyrobetaine, whereas L-proline and betaine display, even at a 100-fold excess, only a weak inhibitory effect. In conclusion, an ATP-dependent L-carnitine transport system in L. monocytogenes is described, and its possible roles in cold adaptation and intracellular growth in mammalian cells are discussed.
Epidemics of food-borne listeriosis with high fatality rates (about 25%) have resulted in concern about the incidence and control of Listeria monocytogenes in the food supply and environment. An important factor enabling the organism to survive and grow in foods is its ability to grow in the presence of salt concentrations up to 10% (16) . Understanding of the process of osmotic adaptation in L. monocytogenes could indicate mechanisms for controlling growth of this human pathogen in low-water-activity foods. The survival of bacteria at low water activity generally runs parallel with their ability to accumulate compatible solutes (12, 22) . These solutes may be taken up from the surrounding medium, or they may be synthesized de novo by the microorganism. Compatible solutes can be accumulated to high concentrations without inhibitory effects on enzymatic activity or adverse effects on macromolecules (51) .
The adaptability of L. monocytogenes to osmotic stress resembles that of many other bacteria and appears to depend on the ability of the organism to accumulate betaine and amino acids (7, 29, 35) . In addition, it was shown that glycine-and proline-containing peptides stimulate growth of this bacterium at high osmotic strength (5) . Betaine (N,N,N-trimethylglycine) is present at high concentrations in sugar beets and other foods of plant origin (6) , whereas in certain food products increased amounts of amino acids and peptides are available as a consequence of proteolytic activity of other bacteria present in this food. Recently, our laboratory has shown that exogenously supplied carnitine (␤-hydroxy-L--N-trimethyl aminobutyrate) can contribute significantly to growth of L. monocytogenes at high osmolarity (7) . L-Carnitine is biosynthesized by mammals and eukaryotic microorganisms from the amino acid L-lysine (28) , where it serves as an essential factor in the transport of fatty acids, through the inner mitochondrial membrane (8) . Consequently, the carnitine concentration in food of animal origin is relatively high, whereas the carnitine concentration in plant tissue is relatively low (11) .
The current study was undertaken to characterize the transport of carnitine in L. monocytogenes cells and to establish whether carnitine is accumulated or converted into other compounds after uptake that serve as the actual osmoprotectants. Transport systems for the osmoprotectant betaine in several gram-negative and gram-positive bacteria (3, 12, 17, 20, 32, 37, 42, 45) , including L. monocytogenes (29, 36) , have been described and have been most extensively studied in Escherichia coli and Salmonella typhimurium (12) . Uptake of carnitine has been observed in Pseudomonas aeruginosa. This species can use carnitine as the sole source of carbon and nitrogen (27) . Members of the family Enterobacteriaceae do not assimilate the carbon and nitrogen skeleton of L-carnitine but are able to metabolize carnitine during anaerobic growth, via crotonobetaine which serves as an external electron acceptor, to -butyrobetaine in the presence of other substrates which act as carbon and/or nitrogen sources. Recently, Eichler and coworkers (14) characterized the cai genes of E. coli, which encode the carnitine pathway. The genes belong to the caiTABCDE operon, which is only transcribed during anaerobic growth in the presence of carnitine. It was suggested that CaiT is the transport system for carnitine in E. coli. CaiT counts 12 or 14 putative hydrophobic membrane-spanning regions being indicative for a secondary transporter (14, 40) .
In this study the presence of an ATP-dependent, high-affinity L-carnitine transport system in L. monocytogenes is demonstrated, which is distinct from the previously described betaine transport system in this organism (29, 36) . Furthermore, it is shown that accumulated L-carnitine is not metabolized in L.
RESULTS

Transport of L-carnitine in
C]carnitine (final concentration, 19 M) was examined in cells of L. monocytogenes grown in BHI. In the absence of an energy source, a low rate of L-carnitine transport was detected whereas a strong stimulation of the uptake was observed in the presence of glucose (Fig. 1A) . When the cells were permeabilized with chloroform (1% [vol/vol]), L-carnitine uptake was completely abolished (Fig. 1A) . These results suggest that the uptake of L-carnitine is an energy-dependent process. The potassium proton exchanger nigericin (2 M), which dissipated the transmembrane pH gradient, had no severe effect on L-carnitine transport (Fig. 1B) . With the potassium ionophore valinomycin (1.5 M), which collapsed the membrane potential ⌬, L-carnitine transport was only partially inhibited (approximately 50% of the activity of the control). Addition of both valinomycin (1.5 M) and nigericin (2 M) resulted in a complete dissipation of the PMF (not shown), whereas uptake of L-carnitine was still functioning (Fig. 1B) (Fig. 2, lanes 1 and 2) . This indicates that intracellular L-carnitine accumulates as such in the cytoplasm and is not catabolized. This is consistent with the observation that carnitine cannot serve as a carbon or nitrogen source for L. monocytogenes (48) . Almost all L- Fig. 2, lanes 6 and 7) . In eukaryotic cells, metabolism involves a reaction in which carnitine is converted into acylcarnitine with the intervention of acetyl-CoA (8) . From these results it can be concluded that uptake of carnitine by L. monocytogenes in the absence of a PMF (Fig. 1B) is not due to rapid intracellular metabolism.
Energetics of the L-carnitine transport system. The energetics of L-carnitine transport were characterized in detail by analysis of the effects of the phosphate analogs arsenate and vanadate, the H ϩ -ATPase inhibitor DCCD, and DES on bioenergetic parameters and L-carnitine uptake in L. monocytogenes ( Table 1 ). The addition of DCCD resulted in a complete dissipation of the PMF, whereas the intracellular ATP concentration was increased (127% of control). L-Carnitine transport is stimulated under these conditions (146% of control). In the presence of DES, a slight stimulation of the PMF, an increase in the intracellular ATP concentration (133% of control), and an increase in L-carnitine uptake (170% of control) were observed. In the presence of arsenate and vanadate the magnitude of the PMF and the intracellular ATP concentrations were slightly decreased. Transport of L-carnitine was significantly inhibited under these conditions. Combining these results, it can be concluded that ATP or an equivalent energyrich phosphorylated intermediate supplies the energy for the carnitine translocation process.
The addition of both nigericin (2 M) and valinomycin (1.5 M) to L. monocytogenes cells which had been preloaded with L-[ C]carnitine (data not shown). These results give evidence for a kinetically irreversible L-carnitine uptake system, which is also characteristic of ATP-dependent transport systems (38) .
Feedback regulation of L-carnitine transport. L-[ 14 C]carnitine was taken up at a high rate in cells grown in DM (Fig. 3) , reflecting that carnitine uptake is constitutively expressed rather than induced during growth in the carnitine-containing BHI (29) . Uptake rates in DM-grown cells, however, appeared to be four-to fivefold higher than those in BHI-grown cells. To investigate whether the observed lower L-[ Fig. 3 . These data indicate that the L-carnitine transport system is feedback inhibited by intracellular L-carnitine.
Kinetics of L-carnitine transport. Initial rates of transport were determined over a wide range of L-carnitine concentrations (1 to 500 M) with cells grown in DM. An Eadie-Hofstee plot of the data was monophasic, suggesting the presence of a single carnitine transport system, and revealed a K m value of 10 M and a V max value of 48 nmol of carnitine transported per min per mg of cell protein (data not shown). The same K m value was found for BHI-grown L. monocytogenes, indicating that no additional L-carnitine uptake system is induced during growth in this carnitine-containing medium. A V max value of 18 nmol min Ϫ1 mg of protein Ϫ1 was obtained in BHI-grown cells. The lower V max in BHI-grown cells can be explained by feedback regulation of the transport system (see above).
pH dependence of L-carnitine transport. The effect of the external pH (pH ext ) on the rate of L-[ 14 C]carnitine uptake was studied in the absence and presence of the potassium proton exchanger nigericin (2 M). Without nigericin, a decrease in medium pH led to a decrease in the initial rate of uptake, which was accompanied by a decrease in the intracellular ATP concentrations (Fig. 4) . Over the pH ext range from 5.5 to 8, L. monocytogenes Scott A maintains its internal pH (pH in ) relatively constant; the pH in increases from 7.2 at pH ext 5.5 to 8.1 at pH ext 8 (9) . The addition of nigericin, which dissipates the pH gradient across the cytoplasmic membrane, did not affect intracellular ATP levels (Fig. 4A) . Transport of L-carnitine was completely inhibited in the presence of nigericin at acidic pH values (Fig. 4B) . Apparently, transport of L-carnitine is dependent on the intracellular pH with optimum activity at alkaline pH values.
Osmotic effects. Osmoprotection by L-carnitine at different L-carnitine concentrations was determined. A concentration as low as 10 M appeared to be sufficient to stimulate growth of L. monocytogenes in high osmolarity DM (data not shown). This suggests that the high-affinity L-carnitine transporter can play an important role in the adaptation of L. monocytogenes to growth at high osmolarity. Initial rates of L-carnitine (19 M) uptake in L. monocytogenes cells grown in BHI containing 0.5 M NaCl were found to be indistinguishable from those in cells grown in the absence of NaCl (data not shown). Furthermore, the initial uptake rate of L-carnitine (19 M) was demonstrated to be similar in assay buffers in which the osmolarity was increased by addition of 0.4 M NaCl, 0.4 M KCl, or 0.6 M sucrose (not shown). The activity of the L-carnitine transporter is consequently not stimulated by a rise in the extracellular osmolarity.
Temperature dependence of L-carnitine transport. Considering the ability of L. monocytogenes to grow at refrigeration temperature, it was of interest to determine the temperature dependence of L-carnitine uptake. The initial rate of L-carnitine transport of L. monocytogenes cells grown at 30ЊC decreased with decreasing assay temperature (Fig. 5) . The uptake of L-carnitine at 30ЊC was approximately 30 nmol min Ϫ1 mg of protein Ϫ1 and was decreased to 3 nmol min Ϫ1 mg of protein
Ϫ1
at 5ЊC. It should be stressed that the uptake of L-carnitine at 5ЊC is still significant. Strikingly, cells grown at 7ЊC transported L-carnitine at a rate of approximately 3 nmol min Ϫ1 mg of protein Ϫ1 over the whole temperature range assayed (Fig. 5) . Specificity of the L-carnitine transport system. The specificity of the carnitine transport system was investigated by studying the initial rates of L-[ 14 C]carnitine uptake in assay mixtures in which structural analogs were introduced at a 10-and 100-fold excess of L-carnitine (19 M, final concentration). The carnitine transport system was found to be highly specific for L-carnitine, since D-carnitine was not an efficient inhibitor (Table 2). L-Proline and betaine displayed even at a 100-fold excess only a weak inhibitory effect. Of the other analogs investigated, only butyrobetaine and acetylcarnitine competed efficiently with L-carnitine for uptake.
Effect of sulfhydryl group (SH) reagents on the L-carnitine transport system. The effect of various SH-modifying reagents
on the activity of the L-carnitine transporter was examined in the presence of nigericin (2 M). L-Carnitine uptake was not affected by mersalyl at a concentration of 200 M. N-Ethylmaleimide (NEM) and p-chloromercuribenzene sulfonate (pCMBS) inhibited L-carnitine uptake to a certain extent at the concentrations indicated, whereas HgCl 2 blocked transport completely (Fig. 6) . Parallel to the transport assays, ⌬ was determined and samples were taken for determination of intracellular ATP concentrations. In control cells the ⌬ was Ϫ130 mV and the intracellular ATP concentration was approximately 6.8 mM. The presence of NEM, pCMBS, or mersalyl did not influence the magnitude of the PMF (data not shown). The intracellular ATP concentration was not altered by NEM, whereas with pCMBS or mersalyl the intracellular ATP concentrations increased (210% and 300% of control, respectively; data not shown). The addition of HgCl 2 resulted in a complete dissipation of the PMF and the intracellular ATP concentration decreased drastically (15% of control) (data not shown). These results indicate that inactivation of the L-carnitine transport system by NEM and pCMBS is due to specific reactions with SH groups of the transporter.
DISCUSSION
Carnitine has been shown to stimulate growth of L. monocytogenes at high osmotic strength (7) . The results presented here demonstrate that accumulation of L-carnitine is mediated via a specific transport system with a high affinity and a high capacity for L-carnitine (K m ϭ 10 M; V max ϭ 48 nmol min
). L-Carnitine was detected in an unmodified form inside the cells (Fig. 2) , which is in agreement with the observation that it cannot serve as a carbon or nitrogen source for L. monocytogenes (48) . These observations unequivocally The accumulation of L-carnitine in L. monocytogenes was found to require metabolic energy since the omission of glucose abolished uptake. It was deduced that the driving force for uptake is supplied by ATP or another energy-rich phosphorylated intermediate, on the basis of the following properties of the system. (i) The uptake of L-carnitine was only partially inhibited in the presence of nigericin, an electroneutral K ϩ /H ϩ ionophore, and valinomycin, a K ϩ -specific ionophore (Fig.  1B) , indicating that transport can proceed in the absence of an electrochemical gradient for protons. Extra evidence for the exclusion of the involvement of the PMF came from the observation that in the presence of the ATPase inhibitor DCCD, the PMF was completely abolished, whereas the uptake of L-carnitine was stimulated twofold, concomitant with a rise in the intracellular ATP concentration (Table 1) . DCCD most likely blocks conversion of the glycolytically generated ATP into a PMF, owing to the absence of a proton-translocating electron transport system. , which exceeds the thermodynamic limits set by the PMF for secondary transport systems (40) . (iv) L-Carnitine transport was susceptible to arsenate and vanadate, which interact with reactions involving high-energy phosphate bonds, whereas these compounds had a small effect on the PMF and caused only a slight decrease in the amount of intracellular ATP (Table 1) . These findings indicate that inhibition of L-carnitine transport by arsenate and vanadate might be due to inhibition of the transport system itself. The L-carnitine transport system most likely belongs to the bacterial ATP-driven binding-proteindependent transport systems of the superfamily of ABC transporters which are widely distributed among all living organisms (4, 18) . Many of these ATP-driven transport systems are sensitive to vanadate (30, 41) . In general, an ABC transporter comprises two transmembrane and two cytoplasmic domains. Bacteria possess an extra binding subunit for the import of substrates, which is periplasmic in gram-negative bacteria, whereas in gram-positive bacteria it is a lipoprotein anchored to the cytoplasmic membrane (18) . Recent genetic studies revealed that transport of arginine in L. monocytogenes is also mediated by an ABC transporter, which synthesis is induced during intracellular growth in infected mammalian cells (26) .
Variations in the magnitude of the ⌬pH influenced the activity of the transport (Fig. 4B) despite the dependence of the L-carnitine transport on phosphate bond energy. L. monocytogenes Scott A maintains its pH in relatively constant over a pH ext range of 5 to 8 (9, 10) . These results might indicate that the pH ext alters the affinity of the transport system by affecting the available concentration of transported solute via protonation and deprotonation or that interactions of protons with the transporter alter its catalytic activity. The apparent relationship between L-carnitine transport and pH ext , however, can also be attributed to the decline in intracellular ATP concentration with decreasing pH (Fig. 4B) . The dependence of the initial rate of L-carnitine transport on the intracellular pH showed that L-carnitine transport requires a neutral or alkaline cytoplasm for optimum activity. Regulatory intracellular pH effects on ATP-dependent transport systems can be classified as allosteric rather than catalytic since protons are not directly involved in the energy coupling mechanism. ATP-dependent transport systems, including the L-carnitine transport system described here, apparently all function optimally at slightly alkaline pH values (2, 24, 39) .
The different L-carnitine uptake rates obtained in cells grown in BHI and DM can be explained by feedback regulation of the transport system by intracellular L-carnitine (Fig. 3) . Feedback (trans) inhibition acts as a regulatory device to prevent solute accumulation to unacceptable high intracellular levels. This type of regulation of transport is typical for ATPdependent transport systems, since these systems, like the Lcarnitine transporter in L. monocytogenes, are unidirectional and can catalyze the uptake of solutes to high accumulation levels. Regulation of the activity of a compatible solute transport system has not been described until recently. Pourkomailian and Booth (43) and Stimeling et al. (47) established that betaine transport in Staphylococcus aureus is subject to feedback inhibition by preaccumulated betaine. Similarly, L. monocytogenes closes down its L-carnitine uptake system once sufficient L-carnitine has been accumulated. In addition, we observed that the presence of betaine in the cultivation medium, which was shown not to be a substrate for the L-carnitine transporter (Table 2) , also reduced the activity of the L-carnitine uptake system (not shown). The L-carnitine transporter might possibly be capable of sensing overall intracellular osmolality. Further detailed studies should lead to an understanding of the mechanisms by which the activity of the Lcarnitine transport system is regulated.
Uptake studies with structural analogs of L-carnitine (Table  2) revealed that the transport system exhibits a high degree of substrate specificity. The system prefers the naturally occuring L-carnitine to its enantiomer D-carnitine. L-Proline, which has been shown to confer osmotic tolerance in L. monocytogenes (7), was not recognized by the L-carnitine permease. Other amino acids were also not able to compete with L-carnitine uptake (data not shown) suggesting that L-carnitine transport is not mediated by any amino acid permease. Betaine did not compete for the uptake of L-carnitine, indicating that the Lcarnitine transporter in L. monocytogenes differs from the recently described betaine transport system in this organism (29, 36) . The finding that butyrobetaine, a carnitine precursor, hindered L-carnitine uptake while betaine was not inhibitory might indicate that the length of the alkylchain between the N-trimethyl group on the one end and the carboxyl group on the other end is crucial in recognition. Furthermore, the substrate specificity of the L-carnitine transporter of L. monocytogenes is distinct from the system that transports L-carnitine in E. coli, which is induced during anaerobic growth in the presence of carnitine. D-Carnitine, betaine, butyrobetaine, and crotonobetaine were shown to be potent competitors for carnitine transport in E. coli (14, 25) . Surprisingly, L-carnitine transport in L. monocytogenes was strongly inhibited by a 10-fold excess of acetylcarnitine. The carnitine carrier in eukaryotic cells also mediates translocation of L-carnitine and acetylcarnitine in addition to other acylcarnitines (21, 33) . The substrate specificity of the L-carnitine transport system in L. monocytogenes therefore shows some resemblance to that of the eukaryotic carnitine:acylcarnitine antiporter. SH reagents were applied to investigate whether the substrate binding site of the L-carnitine permease of L. monocytogenes resembles that of the eukaryotic transporter. The L-carnitine permease of L. monocytogenes is inhibited by the SH reagent NEM but was not sensitive to mersalyl (Fig. 6) , whereas the eukaryotic carnitine: acylcarnitine antiporter is inhibited by NEM and mersalyl (34) . Thus, in both systems sulfhydryl groups are involved in transport, but the dissimilarity in the ability of these SH reagents to block the two L-carnitine transporters suggests that reactive SH groups, near or in the substrate binding sites of the two systems, are oriented differently. The interaction of the L-carnitine transporter in L. monocytogenes with the organomercurial pCMBS (Fig. 6 ) might however be advantageous in its purification for further characterization. Interaction of organomercurials with transport carriers was suggested as a feasible purification method for transport systems (13) . In conclusion, the L-carnitine transporter in L. monocytogenes is distinct from any transport system previously described and therefore represents a novel transport system for the translocation of L-carnitine.
The study reported here shows that L. monocytogenes is in the possession of a constitutive high-affinity uptake system for L-carnitine that enables the bacterium to scavenge L-carnitine when it is available at trace levels in foods (11) . It was found that the transport capacity of the L-carnitine permease was very high in the absence of salt and that this activity could not be stimulated upon imposition of an osmotic stress. In contrast, betaine transport in L. monocytogenes is highly stimulated in the presence of high concentrations of NaCl (29, 36) . This implicates that carnitine accumulation in L. monocytogenes can occur even under conditions of low osmolarity. The physiological role of this feature of the L-carnitine transporter is intriguing. Recently, it was demonstrated that betaine combats both osmotic and chill stress in L. monocytogenes (29) . It is conceivable that chill tolerance in L. monocytogenes can also be conferred by the accumulation of L-carnitine. It was shown that L. monocytogenes cells grown at 7ЊC are able to take up L-carnitine at a rate of about 3 nmol min Ϫ1 mg of protein
Ϫ1
, and in addition it was observed that L-carnitine can be accumulated to high concentrations under these conditions (data not shown). The possible role of the L-carnitine transport system in adaptation of L. monocytogenes to growth at low temperature is being further investigated.
It can also be speculated that the L-carnitine transporter is a means for L. monocytogenes to maintain its turgor pressure in the absence of stress. Gram-positive bacteria generally maintain a higher turgor than gram-negative bacteria, arising from their higher cytoplasmic concentrations of solutes at equivalent osmotic pressures (19, 23, 35, 50) . Thus, L. monocytogenes would benefit from the uptake of compatible solutes even in a low-osmolarity environment. Moreover, the L-carnitine transporter may facilitate the intracellular growth and survival of L. monocytogenes in mammalian cells, which is an essential component of the pathogenesis of this organism. Both, carnitine and acetylcarnitine are present in the cytosol at concentrations high above the K m values of the L-carnitine transport system in L. monocytogenes for these compounds (21) . Considering that (i) the replication of L. monocytogenes in mammalian cells occurs in the cytoplasm, (ii) the osmolarity of the cytoplasm is probably relatively high, and (iii) both carnitine and acetylcarnitine (unpublished data) are effective osmoprotectants in L. monocytogenes, the availability of these osmolytes might increase the capacity of this human pathogen to grow in the host cell.
